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Abstract The Earth's ionosphere/thermosphere (I/T) system exhibits complicated weather variability
that can have adverse effects on human operations and systems, and consequently, there is a need for
both accurate and reliable speciﬁcations and forecasts for this region. As part of the international effort to
evaluate and assess the predictive capabilities of space weather models, four working groups for the I/T
system have been created with the goal to devise a concerted model validation effort for the I/T environment.
This paper presents an overview of the team efforts and reports on the progress made. As a ﬁrst step, the
working teams have selected to limit the validation efforts to critical I/T parameters that include total
electron content, the peak density and height of the ionospheric F region, ionospheric scintillations, and
thermospheric neutral densities. As part of this effort, initial lists of participating models and events have
been constructed and validation data sets have been identiﬁed. In the future appropriate metrics will be
selected for the various user and scientiﬁc needs.
Plain Language Summary The Earth's upper atmosphere exhibits weather variability that can
have adverse effects on human operations and systems, and consequently, there is a need for both
accurate and reliable weather forecasts for this region. The effects of this variability on technological systems
can be divided into two general categories. The ﬁrst category relates to radio wave signals that are subject to
propagation effects as they travel through the upper atmosphere and the second effect is related to
atmospheric drag, which changes the orbits of satellites. Recently, an international effort to evaluate and
assess the predictive capabilities of weather models for the upper atmosphere was formed. An overview of
this effort and initial results is described.

1. Introduction
The Earth's ionosphere/thermosphere (I/T) system exhibits complicated temporal and spatial variations that
are driven by external forces, internal dynamics, and thermosphere and ionosphere coupling. This can have
adverse effects on human operations and systems, and consequently, there is a need for both accurate and
reliable speciﬁcations and forecasts of the near‐Earth space environment.
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The effects of I/T variability on technological systems can be divided into two general categories. The ﬁrst
category relates to radio wave signals that are subject to propagation effects as they traverse through or
are reﬂected by the ionosphere. Generally, the ionospheric F2 region around the peak electron density
height, hmF2 (~250‐ to 500‐km altitude) causes the most pronounced impact on transionospheric radio wave
propagation. Consequently, the peak electron density of the F2 layer, NmF2, or the critical frequency foF2 and
its corresponding height, hmF2, are key parameters for characterizing the ionosphere. The peak electron
density, for example, limits the maximum useable frequency for terrestrial signal propagation as well as
deﬁnes the minimum required frequency for transionospheric radio wave propagation from Earth to space
or vice versa (Hoque & Jakowski, 2008, 2011). Global Navigation Satellite System (GNSS) signals are also
subject to detrimental propagation effects as they traverse through the ionosphere. While dual‐frequency
receivers allow correcting for ionospheric effects under most conditions, reduction of positioning errors in
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single‐frequency systems require a correction for the total electron content (TEC) that is typically provided
by a model and/or satellite‐based augmentation data. However, during conditions when spatial gradients in
TEC are not captured in the TEC corrections, signiﬁcant uncertainties in position can occur. Furthermore,
the presence of strong gradients in ionospheric electron density and/or small‐scale structure (irregularities)
can cause unfavorable effects on the integrity and performance of navigation and communications systems
including amplitude and phase ﬂuctuations of GNSS signals, which in turn may result in an increased positioning error, cycle slips, or complete loss of lock by both single‐ and dual‐frequency receivers. Phase scintillations, if severe, may sufﬁciently stress phase‐lock loops in GNSS receivers such that loss of phase lock
is experienced. Therefore, for some applications gradients and instabilities can be more important than
the magnitude of the physical parameter.
The second category of detrimental I/T effects is related to atmospheric drag, which is one of the main
sources of error in orbit determination. Atmospheric drag on satellites varies strongly as a function of thermospheric mass density. Errors in the estimation of density cause orbit prediction error, which impact satellite operations, including accurate catalog maintenance, collision avoidance for manned and unmanned
space ﬂight, and re‐entry prediction (Qian & Solomon, 2012). These effects were also highlighted in a recent
National Aeronautics and Space Administration Living With a Star Institute special section on low Earth
orbit (LEO) satellite drag: Science and operational impact, which reported that errors in the thermosphere
density speciﬁcation are the dominant source in uncertainty of LEO drag estimation and satellite conjunction (Zhang et al., 2018).
In general, the impact of ionosphere‐thermosphere variability has become a growing concern, particularly to
those new applications that are life critical such as GNSS‐aided military and civilian applications as well as
civilian communication systems (Conker et al., 2003; Kelly et al., 2014). The use of GNSS in civilian applications has also increased exponentially compared to military applications of GNSS. Such effects on technological systems become more severe during geomagnetic storm periods (e.g., Basu et al., 2001) and can also be
observed during periods of quiet and moderate activity (e.g., Xiong et al., 2016; Yue et al., 2016) Therefore,
the I/T variability is as much an engineering concern as it is a scientiﬁc quest (Hlubek et al., 2014; Kintner
et al., 2007). Hence, in an effort to understand the physical mechanisms that drive I/T variability and to mitigate its adverse effects on technological systems a suite of modeling efforts have emerged over the past decades. This includes ﬁrst‐principle (FP) models of the coupled I/T system, stand‐alone physics‐based models
of the ionosphere and thermosphere, data assimilation, and data‐driven models of the system as well as
empirical models (e.g.,American Institute of Aeronautics and Astronautics Standards, 2014; Huba et al.,
2014). In addition modeling efforts have been undertaken that address the coupling of the I/T system to
the magnetosphere as well as to the lower atmosphere (Ridley et al., 2006; Wolf et al., 1991) and more
recently efforts to employ machine‐learning techniques (McGranaghan et al., 2018). In order to evaluate
the accuracy and reliability of these models and to compare the performance across the suite of models, systematic quantitative validation efforts are required that use appropriate metrics as well as well‐deﬁned
validation data.
This paper aims to provide an overview of the current international Community Coordinated Modeling
Center (iCCMC) space weather modeling assessment efforts with a focus on the ionosphere/thermosphere
working groups. The goals and the approach of the ionosphere/thermosphere working teams are described,
and the selection of the participating models, the time intervals/events, and the ground truth data sets are
discussed. Although the scientiﬁc results of the assessment effort are not the focus of the current paper, a
brief summary is given of initial results of four separate scientiﬁc investigations that have been published
in this special issue. This is followed by a discussion of future work. It also needs to be pointed out that
the current paper only provides an overview of the ﬁrst steps toward a concerted validation effort. In the
future we anticipate to provide a baseline on which to judge future model developments as well as clear
guidelines that can be used for a concerted model assessment.

2. The iCCMC Ionosphere/Thermosphere Working Teams
Over the past years, the Community Coordinated Modeling Center (CCMC) has been supporting
community‐wide model validation projects, such as Coupling, Energetics and Dynamics of Atmospheric
Regions (CEDAR) and Geospace Environment Modeling (GEM‐CEDAR) Modeling Challenges (Shim
SCHERLIESS ET AL.
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et al., 2011, 2012, 2014, 2017). CCMC has established an international effort to evaluate and assess the predictive capabilities of space weather models (https://ccmc.gsfc.nasa.gov/assessment/). As part of this new
effort, four ionosphere/thermosphere working groups were established with an overarching goal to devise
a standardized quantitative validation procedure for I/T models that include (a) the establishment of a list
of standard events, (b) the selection of standard data sets that can be used as a basis for future model validation studies, and (c) the selection of metrics that satisfy operational (user) and scientiﬁc (diagnostic) considerations. Furthermore, a quantitative assessment of the accuracy and reliability of modeled quantities of the
I/T system is needed that ideally includes every parameter predicted by the models. However, due to inherent limitations in the validation data sets, a compromise is necessary and four critical I/T parameters were
selected including (a) TEC, (b) NmF2/foF2/hmF2, (c) ionospheric scintillations, and (d) the thermospheric
neutral density in the altitude range from 200 to 800 km. This selection was based on the relative abundance
of observations related to these parameters and their particular interest to user communities. Although each
of the four I/T parameters was separately covered by one of the working groups, due to the overlapping
issues and goals that each group faced, a close collaboration between the working groups was logical and
quickly established. It should be noted that the selected I/T parameters overlap with those selected by the
Space Weather Operations, Research, and Mitigation Subcommittee of the National Science and
Technology Council (Space Weather Phase 1 Benchmarks, https://www.whitehouse.gov/wp‐content/
uploads/2018/06/Space‐Weather‐Phase‐1‐Benchmarks‐Report.pdf). With regard to the high latitude I/T system, it needs to be pointed out that this highly variable environment is not the prime focus of our current
validation assessment efforts. However, the special challenges of model assessment in the auroral ionosphere is the topic of a separate working group within the international effort and described in a companion
paper by Robinson et al. (2019).

3. Approach
The procedure selected by the working groups toward a concerted I/T model validation/assessment effort
consists of several components, that is, compilation of a set of applicable models, selection of a list of events
(storm and quiet time periods), determination of a ground truth database (i.e., reference/standard observations), and selection of applicable metrics for the various needs.
Following the selection of the validation data sets and metrics, the next step is to determine the precision and
possible accuracy of the participating models by comparing the model results, for the given I/T parameters,
to the ground truth data using the same metrics and the same validation data sets. This will provide an objective assessment of the current capabilities of the various I/T models that can be used in the future to quantitatively track model improvements or evaluate new models that will be added to the existing list of
participating models. The model‐data comparisons can be of the form of time series comparisons and/or
the evaluation of spatial features (e.g., latitudinal or longitudinal or altitudinal gradients and
horizontal/vertical scales), for example, through the use of a correlation analysis.
An important aspect of model‐data comparisons is the selection of an appropriate metric. In our case, the
decision on a metrics should include an evaluation of the need for different science and user applications.
For example, a model developer might be more interested to quantify the differences between the modeled
and observed values for vertical TEC and/or slant TEC, whereas an end user might be interested in metrics
for their speciﬁc applications (e.g., the position error for a GNSS system due to ionospheric effects on the
radio signal or in the case of scintillations the knowledge where and when their signals will be safe).
Clearly, different needs may require different metrics and compromises may be needed to constrain the
number of metrics. Furthermore, metrics should be selected to quantify the ability of I/T models to model
climatological variations, day‐to‐day variability, and storm impact (deviation from climatological estimates
over storm events).
For the use of the ground truth data sets two generally different paths can be taken. On the one hand, the
individual data sets (e.g., satellite‐based neutral density observations, ground‐based NmF2/hmF2 from ionosondes, and gridded Madrigal TEC values) can be used as individual ground truth data sets. For example, the
satellite‐based neutral density observations will be used to evaluate the neutral density speciﬁcations of the
models along the satellite orbits, the ionosonde observations will be used to evaluate NmF2/hmF2 at the location of the ionosonde, and the gridded Madrigal TEC data will be used to evaluate the model TEC at the grid
SCHERLIESS ET AL.
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locations. In this approach spatial and temporal gaps in the model evaluation will be present. On the other
hand, one can attempt to ﬁrst combine all the data using, for example, a data assimilation technique and
then compare the model results against the output from the data assimilation model. This approach, however, introduces additional errors that are difﬁcult to characterize, and therefore, it is not recommended
at this time.
For the selection and use of observational data sets that serve as ground truth in the validation/assessment
effort special care must be given to several important challenges. First of all, uncertainties in the observations need to be taken into account. These uncertainties can, for example, be in the form of biases or random
errors, and their impact on the metrics needs to be established. Second, when selecting the ground truth
data, the limitations given by their inherent temporal and spatial resolution has to be taken into account
as well as those of the models. In particular, a careful consideration of the differences in the temporal and
spatial resolution for the various I/T parameters is important in order to correctly interpret comparison
results. For example, NmF2/hmF2 observations typically correspond to speciﬁc locations and might not be
representative of a model grid cell that covers a wider spatial area. Neutral densities on the contrary sometimes correspond to a large range of temporal and spatial scales including daily means, orbit averaged values,
or binned values along a satellite track (e.g., binned 5° along track). Clearly, these differences require careful
consideration and possibly the use of different metrics.
In the following more information concerning the selection of the participating models, the selection of the
time intervals/events and the selection of the validation data sets is given.

4. Selection of Participating Models
In principle any model that can predict the state of the I/T system or its individual components (i.e., the ionosphere and/or the thermosphere) can participate in the validation effort. The only requirement is that the
model can provide an estimate of the parameters necessary to calculate the appropriate metric. Hence, the
list of participating models includes coupled models of the I/T environment, stand‐alone physics‐based ionosphere or thermosphere models, data assimilation, and data‐driven models of the I/T system, as well as
empirical models.
The currently participating models are listed in Table 1. This list includes semiempirical models, which are
constructed by ﬁtting to long‐term observational databases as good as possible in a least squares sense.
Semiempirical models are climatology (or “speciﬁcation”) models of the I/T system and typically have a
low spatial and temporal resolution of the order of thousands of kilometers and hours, respectively. On
the contrary, FP models have higher spatial and temporal resolution but are more costly and complex to
run. FP models are not ﬁtted to actual density data, which often causes biases and other systematic errors.
Data assimilation models combine empirical or FP models with observational data through variational or
ﬁltering (e.g., Kalman ﬁlter) techniques in an effort to overcome the limitations given by the stand‐alone
model and those of the observations (e.g., Mitchell & Spencer, 2003; Scherliess et al., 2006, 2009, 2011;
Schunk et al., 2011, 2014, 2016).
For the thermosphere, the participating models include those that were selected by The Committee on Space
Research (COSPAR) in 2012, described in the COSPAR International Reference Atmosphere (CIRA‐2012)
report: NRLMSISE‐00 (Picone et al., 2002), JB2008 (Bowman et al., 2008) and DTM2009 (Bruinsma et al.,
2012). The Drag Temperature Model (DTM) model was updated most recently, and the current version is
DTM2013 (Bruinsma, 2015). Note that these models are often used in operational orbit computation as well
as in mission design, because of the fast and easy pointwise computation.
This list of participating models is only a preliminary list and is expected to grow over time. Also note that
although many of the current models were developed in the United States and currently reside at the CCMC,
this does not imply that validation efforts should be limited to those models. Instead, the iCCMC modeling
capability assessment should be understood as a truly international effort.

5. Selection of Time Intervals/Events
Clearly, any validation effort should cover all geophysical conditions and span a time period as long as possible. However, due to limitations in the availability of appropriate data sets for ground truth and the
SCHERLIESS ET AL.
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Table 1
Currently Participating I/T Models Including a Short Description, the Model Developer, and the Corresponding Validation Parameters
Model

Description

Empirical/semi‐empirical I/T models
IRI
IRI‐2016 using NeQuick for topside Ne
and URSI for F peak plasma frequency
MIT empirical model
MIT empirical model v1.0
NRLMSISE‐00
Semi‐empirical model of the thermosphere
JB2008
Semi‐empirical model of the thermosphere
DTM2013
Semi‐empirical model of the thermosphere
Physics‐based ionosphere models
IFM
IFM driven by F10.7 and Kp
SAMI3
SAMI3 with the neutral wind model HWM93
Physics‐based coupled ionosphere‐thermosphere model
TIE‐GCM
TIE‐GCM2.0 driven by Weimer‐2005
CTIPe
CTIPe3.2 driven by Weimer‐2005
GITM
GITM2.5 driven by Weimer‐2005
UAM‐P
Upper Atmosphere Model (UAM)
Ionospheric scintillation models
PBMOD
Physics‐based model for scintillation/S4
WBMOD
Empirical model for scintillation/S4
Physics‐based data assimilation models
USU‐GAIM
USU‐GM 2.3 with GPS TEC, COSMIC‐RO,
DMSP/SSIES, Ionosonde observations

Developer

Validation parameter

D. Bilitza et al. (GMU, NASA/GSFC)

NmF2/hmF2/foF2, TEC

L. Goncharenko
(MIT Haystack Observatory)
D. Drop et al. (NRL)
B. Bowman et al. (AFSC)
S. Bruinsma (CNES)

NmF2/hmF2/foF2, TEC
Neutral densities
Neutral densities
Neutral densities

R. W. Schunk et al. (USU)
J. Huba et al. (NRL)

NmF2/hmF2/foF2, TEC
NmF2/hmF2/foF2, TEC

R. G. Roble et al. (HAO, NCAR)
T. Fuller‐Rowell et al. (NOAA SWPC)
A. Ridley et al. (UM)
A. A. Namgaladze et al.
(Murmansk Arctic State University)

NmF2/hmF2/foF2, TEC, neutral densities
NmF2/hmF2/foF2, TEC, neutral densities
NmF2/hmF2/foF2, TEC, neutral densities
NmF2/hmF2/foF2, TEC, neutral densities

J. M. Retterer (AFRL)
E. J. Fremouw and J. A. Secan

Scintillations
Scintillations

R. W. Schunk et al. (USU)

NmF2/hmF2/foF2, TEC

Note. I/T = ionosphere/thermosphere; TEC = total electron content; MIT = Massachusetts Institute of Technology; NASA = National Aeronautics and Space
Administration; NOAA = National Oceanic and Atmospheric Administration; COSMIC = Constellation Observing System for Meteorology, Ionosphere, and
Climate; RO = radio occultation; GMU = George Mason University; GSFC = Goddard Space Flight Center; NRL = Naval Research Laboratory; AFSC = Air
Force Space Command; CNES = Centre National d'Études Spatiales; USU = Utah State University; HAO = High Altitude Observatory; NCAR = National
Center for Atmospheric Research; SWPC = Space Weather Prediction Center; UM = University of Michigan; AFRL = Air Force Research Laboratory.

computational requirements to run the models, compromises need to be made and the selection of time
intervals/events need to be carefully evaluated.
The selection of the storm events was mainly driven by the availability of the data. Further considerations
include (i) the solar cycle dependences. The present list includes storm events that occurred during the solar
maximum and the descending phase of the present solar cycle 24 and the previous solar cycle 23, as a starting
point for the validation tests. Future plans aim to include events from the solar minimum and the ascending
phases of the two solar cycles. The ultimate goal is to assess modeling capabilities under all levels of solar activity, since the I/T activity itself depends strongly on the solar activity; (ii) seasonal dependence. The response of
the I/T system to enhanced geomagnetic activity exhibits a strong seasonal variation (e.g., Fuller‐Rowell et al.,
1994; Prölss, 1995). With the present list of events, we ﬁrst concentrate on spring equinox and summer months,
aiming at the expansion to all seasons in a future step. (iii) The level of the geomagnetic activity. To test I/T modeling capabilities under storm conditions, a focus is set on moderate (−100 nT < minDst ≤ −50 nT) and intense
(Dst ≤ −100 nT) storm events; and (iv) interplanetary drivers of the storms. Recent results provide evidence on
the dependence of the I/T storm effects on different solar wind forcing (e.g., Buresova et al., 2014; Tsagouri et al.,
2017). In this respect, one may argue that it may be important to accommodate events driven by different solar
wind drivers, that is, interplanetary coronal mass ejections and/or corotating interaction regions/high speed
streams (CIR/HSSs). This step requires the examination of a sufﬁcient large number of storm events and in
practice, such a criterion, has not been taken into account in the selection of the present list of events. It remains
an open issue for any future revision of this list.
In an effort to also quantify the current modeling capabilities in reproducing the I/T climatology as well as to
evaluate the effects of the selection of background conditions for storm validation studies (e.g., Kalafatoglu
Eyigüler et al., 2019), it was decided to include the entire year 2012. This year was characterized by a series of
extended geomagnetically quiet periods below the G1 level of minor geomagnetic disturbance activity (Kp of
4 or below) according to the National Oceanic and Atmospheric Administration Space Weather Scale for
Geomagnetic Activity (https://www.swpc.noaa.gov/noaa‐scales‐explanation) as well as several periods

SCHERLIESS ET AL.

531

Space Weather

10.1029/2018SW002036

Table 2
Currently Selected Storm Periods Including the Value of Their Minimum Dst Index and Storm Characteristics
Date

Minimum Dst (nT)

Storm type

−387
−99
−126
−170
−247
−74
−131
−132
−119
−204

Multiple CMEs and magnetic clouds
Series of weak CMEs

29 March to 3 April 2001
18–31 July 2004

14–16 May 2005
8–11 March 2012
16–20 March 2013
31 May to 4 June 2013
21–24 June 2015

M8 class solar ﬂare and associated CME
Two ultrafast CMEs, linked to two X‐class ﬂares
CME with large solar energetic particle event
Signatures of CIR with a pair of shock‐like structures
Large CME preceded by smaller one

Note. CME = coronal mass ejection.

with enhanced geomagnetic activity levels. The highest Kp value during the year 2012 occurred on 9 March
with a value of Kp = 7, corresponding to strong geomagnetic disturbance conditions (G3). With respect to
the selection of the background conditions that we have used above (i.e. below the G1 level of minor
geomagnetic disturbance activity), it needs to be noted that the selection of geomagnetic quiet periods as
well as the deﬁnition of quiet times can be challenging and generally depends on the time constants of
the phenomena under consideration. For example, Shim et al. (2018) used as a quiet time reference a 30‐
day median value at a given time where the 30 days consist of 15 days before and 15 days after a storm.
Kalafatoglu Eyigüler et al. (2019), on the other hand, determined the quiet time interval by inspecting the
Challenging Minisatellite Payload (CHAMP) neutral density variations on the day preceding the
geomagnetic storm. In detail they considered a time interval as quiet when Kp < 3− and the neutral
density variation in CHAMP was less than or equal to 1.25 × 10−13 kg/m3 in two consecutive passages of
the spacecraft without a decreasing or increasing trend. Therefore, care must be taken in the selection of
quiet periods and opinions can widely vary with respect to the methods used to select them (Joselyn, 1989).
Due to the good data coverage for the thermospheric densities during the years 2002 and 2007, it was further
determined to also include these years in the list of validation periods. Furthermore, for the thermosphere,
the selected time periods also include active times during the year 2005 that have been shown to be problematic for satellite orbit determination. Table 2 provides an overview of the selected storm periods that will be
addressed in validation efforts including their minimum Dst index and their storm characteristics. It is clear
from Table 2 that the selected storms span a wide range of different storm characteristics ranging from moderate to intense storms, singular CME to multiple CME events, solar ﬂares and CIR events, and magnetic
clouds. This range of storms was chosen to provide for an assessment of the model capabilities over a wide
range of geophysical conditions. Similar to the list of participating models, the events listed in Table 2 only
constitute a starting point and are expected to grow with time.

6. Selection of Validation Data Sets
An important step in any model validation is the choice of appropriate data sets that can be used as ground
truth. Clearly, the validation/assessment efforts of the different I/T parameters require various data sets, and
consequently, a variety of different observations were selected by the four working groups. Many of the
selected data sets have also been used in the past for validation of individual models, but here the goal is
to establish standard data sets that can be used across the various validation efforts.
In the ionosphere, the observed structures and morphology strongly depend on latitude and the longitude
(local time) of the observation point. This dependence is comprehensively discussed in several review articles (see, e.g., Buonsanto, 1999; Mendillo, 2006; Prölss, 1995; Rishbeth, 1991). To quantitatively evaluate
the global modeling capabilities in capturing these dependencies, the availability of observations in geographic sectors with similar latitude but different longitude (e.g., United States, Europe, and Asia), from high
to equatorial latitudes (e.g., from North to South America, Africa), and in both hemispheres is a strong
requirement. Apart from the spatial coverage, the temporal resolution should also be considered in
SCHERLIESS ET AL.
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support of a reliable determination of disturbed ionospheric conditions that in turn requires the reliable
determination of background conditions. For validation tests that apply to ionospheric disturbances, the
observational cadence should be of the order of about 15 min, while observations with hourly time resolution may sufﬁciently support climatological studies.
For the thermospheric densities the validation data sets ideally should cover the entire thermosphere and at
least a solar cycle, with adequate spatial and temporal resolution. This means observations from pole to pole
and from 0 to 24 hr local solar time (i.e., completely ﬁlled latitude‐local solar time grids), and at several altitudes in order to take the changing composition into account. The reality is, however, quite different, and
basically, all available data must be included in the list of ground truth data to cover only a very small portion
of the thermosphere at a given time.
In the following more detail concerning the ground truth data is provided.
6.1. Peak Density and Height of Ionospheric F Region (NmF2/hmF2/foF2)
In the bottomside ionosphere (from about 90 km up to the height of the peak electron density), information
on the electron density distribution is widely provided by ground‐based ionospheric sounders (ionosondes).
Electron density measurements are based on the principle that when an electromagnetic wave penetrates
vertically in the ionospheric plasma, the reﬂection occurs at the level where the refractive index becomes
zero. The output of vertical high frequency (HF) sounding experiments comes in the form of ionograms,
showing the virtual height of the reﬂection versus the transmitted frequency. Then, several ionospheric
characteristics, such as the critical frequencies and the virtual heights of the different ionospheric layers,
are extracted through the interpretation (scaling) of the ionogram. Additionally, standard “true height”
ionogram inversion techniques may be applied to provide the electron density proﬁle and the true heights
of the reﬂections over the observation location.
A fully autonomous approach regarding the processing of the ionograms is presently provided by the digisondes that feed the Global Ionosphere Radio Observatory (GIRO—http://giro.uml.edu/) data repository
(Reinisch & Galkin, 2011). GIRO keeps long records of key ionospheric characteristics at cadences of 1 hr
or better from a global network of ionospheric stations (http://giro.uml.edu/didbase/scaled.php), and in this
respect, it may be considered as a key data source for the evaluation of models' capabilities in predicting the
foF2 (or NmF2) and hmF2. Data from complementary ionosonde networks may also be exploited in the validation tests (e.g., foF2 values from the ionosonde network operated by the National Institute of Information
and Communications Technology in Japan, http://wdc.nict.go.jp/IONO/wdc/index.html, or ionospheric
peak parameters obtained by the Canadian Advanced Digital Ionosonde). However, in such cases the validation results should be interpreted cautiously, since observations from different instrumentation typically
come with different uncertainties. Another point for further consideration in the discussion of validation
results is the quality of the data with respect to the method used in the ionogram scaling. Manually scaled
data are always highly appreciated, but as they are only sparsely and occasionally provided, validation tests
will be greatly relied on automatically scaled values. As always, different methods assign different level of
errors to the results and such discrepancies should be taken into account in the interpretation of the results.
A second, albeit less widely available, data set that provides key ionospheric parameters can be obtained from
incoherent scatter radar (ISR) measurements, which are based on echo returns that come from free electrons in
the ionospheric gas, or plasma, usually with a strong inﬂuence from the ions. ISR is a powerful technique capable of simultaneously measuring the range‐resolved ionospheric and atmospheric parameters, including electron densities, plasma drifts, and temperature proﬁles, from the lower ionosphere up to the topside ionosphere.
However, ISR facilities are sparsely located on the globe and with few exceptions are only occasionally in operation, so that ISR measurements are made available with strong spatial and temporal limitations. In addition, the
interpretation of the results may require extra caution and knowledge (Häggström, 2017). In any case, ISRs
remain an invaluable source of information especially for the electron density proﬁle in the topside ionosphere,
where only few additional observational capabilities are offered. Archived data available from the Madrigal
online database system (http://www.openmadrigal.org) may be exploited in relevant validation tests.
In addition to the above‐described ionospheric measurements, validation tests are planned to exploit electron density proﬁles obtained by radio occultation (RO) that are presently available for ionospheric applications from several satellite missions. RO is a conceptually simple remote sensing method that employs radio
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transmitter/receiver pairs with a signal path that transits a planetary limb (e.g., Coster & Komjathy, 2008;
Yue et al., 2014). The electron density proﬁles and the corresponding ionospheric parameters are then
obtained from the observations using an Abel inversion. The key advantage of RO data is that they may dramatically increase the spatial coverage of the ionosphere especially over the oceans compared to other soundings, but these density proﬁles and ionospheric parameters must be used with caution due to the assumption
of spherical symmetry in the applied Abel inversion (e.g., McNamara & Thompson, 2015). Among others, the
Formosa Satellite Mission‐3/Constellation Observing System for Meteorology, Ionosphere, and Climate
(FORMOSAT‐3/COSMIC) constellation may provide up to 3,000 ionospheric occultations each day and they
are ofﬁcially available for public use since 2006. The data are available through the COSMIC Data Analysis
and Archival Center (http://www.cosmic.ucar.edu/), where RO data from other missions are also processed
(e.g., CHAMP and Gravity Recovery and Climate Experiment, GRACE).
6.2. Total Electron Content
TEC observations from the global network of GNSS ground receivers offer continuous high‐resolution observations of the ionospheric TEC and provide an important data set for a global assessment of I/T models.
Consequently, this data will be used in our planned validation/assessment efforts to evaluate the capabilities
of current I/T models to predict TEC. For this effort it is planned to utilize the GNSS observations that are
processed by Massachusetts Institute of Technology (MIT) Haystack and archived as part of the National
Science Foundation CEDAR Madrigal database. Madrigal currently archives TEC observations from
approximately 6,000 GPS geodetic receivers around the globe on a daily basis. The GNSS processing algorithms used at Haystack were originally developed by Rideout and Coster (2006) and have been recently
updated by Vierinen et al. (2015). For each satellite‐receiver pair, the GNSS TEC has been converted to vertical TEC using the mapping function described in Rideout and Coster (2006). The standard TEC data in
Madrigal corresponds to vertical TEC in 1° by 1° geographic bins with a 5‐min cadence. Furthermore, the
database provides estimates of the TEC errors, which are mainly due to uncertainties in the estimation of
differential code biases and errors introduced in the mapping of the slant TEC values to the vertical direction. A new line‐of‐sight TEC product is available in the CEDAR Madrigal data base. This product stores
all line of sight TEC values for each receiver at 60‐s cadences. Currently, it is planned to utilize the vertical
TEC data, but in the future the use of slant TEC for the model validation/assessment will be explored.
6.3. Scintillations
Ionospheric density irregularities have been extensively studied with very high frequency (VHF) receivers in
the past two decades (e.g., Basu et al., 2001; Fejer & Kelley, 1980). The scintillation S4 index, which is deﬁned
by Briggs and Parkin (1963), can be computed from the radio wave intensity ﬂuctuations due to the presence
of plasma density irregularities between the transmitter (geostationary satellites) and VHF receiver on the
ground. Since the irregularities exist in the ionosphere, the amplitude scintillation measured by the VHF
receivers has been used to characterize the dynamics and structure of ionospheric irregularities. Several
VHF (250 MHz) receivers have been deployed at different longitudes under the umbrella of the U.S. Air
Force funded Scintillation Network Decision Aid project (Groves et al., 1997) to characterize the spatial
and temporal variability of scintillations that are believed to be due to the existence of the localized sources
of 250‐MHz scintillations in the vicinity of the geomagnetic equator.
The amplitude and phase ﬂuctuations in the carrier frequency of the radio waves can be detected by high‐
resolution (greater than 10 Hz) GNSS receivers deployed on the ground. The amplitude scintillation (S4
index) is then computed by calculating the standard deviation of the received power (at L1 frequency) normalized by its mean value. Similarly, phase scintillation (σφ index) is estimated by computing the standard
deviation of the detrended carrier phase, computed over different time intervals. However, in the region
where there is no high‐resolution GNSS receiver available, the temporal and spatial variability of density
irregularities and scintillation can be extracted from ground‐based GNSS measurements located at different
longitudes. The temporal evolution of scintillation activity is extracted from GNSS TEC information by calculating the time rate of TEC (ROT, in the unit of TEC unit [TECU]/min) on the ground‐based TEC measurements. The ROT is computed for every 30‐s time interval and then converted to TECU/min unit. The
small‐scale density irregularities can then be characterized using the standard deviation of ROT index
ﬃ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

(ROTI), which is estimated for every 5‐min time interval (i.e., ROTI ¼
ROT2 −hROTi2 ) (Pi et al.,
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1997). It has been clearly demonstrated that ROTI can be used as a proxy for S4 index (e.g., Yizengaw &
Groves, 2018, and the reference therein).
In addition to the LEO satellites in situ density observation, topside TEC measurements can be utilized to
estimate the scintillation activities in the topside ionosphere. The topside TECs are estimated from the measurements of GNSS receivers on board LEO satellites with upward looking antenna. The topside amplitude
scintillation can be estimated by estimating ROTI using the same technique that has been applied to the
ground‐based TEC measurements. Hence, estimating ROTI from GPS measurements on board different
LEO satellites, orbiting at different altitudes, provides excellent opportunity to assess the model capabilities
to identify how far the irregularity penetrates to higher altitudes at different longitudes.
6.4. Neutral Densities
For the assessment of neutral densities predicted by the models the available ground truth data are
accelerometer‐inferred densities obtained every 5 or 10 s along the orbits of the satellites CHAMP,
GRACE, and Gravity Field and Steady‐State Ocean Circulation Explorer (GOCE); densities along the orbits
of Swarm‐A and Swarm‐C, with lower spatial resolution, are calculated using the GPS accelerometry
method (van den IJssel & Visser, 2007). The database furthermore consists of global daily mean densities
at 250‐/400‐/600‐km altitude calculated by means of orbit computation using two‐line element data on thousands of objects, as well as daily mean densities at approximately 800 km calculated by means of precise orbit
computation using satellite laser ranging data and perturbation analysis. More information regarding these
data sets is given in Bruinsma et al. (2018).
Presently, several density data sets of CHAMP and GRACE are available with considerable differences
mainly in the form of a scale factor, because they were computed with different satellite models and software. For the moment it is planned to use the densities computed by Bruinsma et al. (2004, 2006), but these
will be replaced when data sets become available that are consistent with GOCE and Swarm. GOCE and
Swarm were computed by TU Delft, Netherlands, for European Space Agency (ESA) under contract; however, different (documented) versions of the data exist, which are available for registered users from the
ESA servers (earth.esa.int). Taking the above into account, it is important to note that possible model biases
will depend on the used ground truth data set and hence should be interpreted with care.
6.5. Current Contributions
Initial examples of our current activities are shown in Bruinsma et al., Shim et al., Tsagouri et al., and
Kalafatoglu Eyigüler et al. that are all published as part of this special issue. For easy reference, important
aspects of these studies are synthesized in Table 3. Note that these papers cover only a limited subset of
the efforts listed above (e.g., limited time periods and subset of available models) but represent the efforts
of the working group members with very limited resources.
Bruinsma et al. (2018) reported results for a speciﬁc metrics for thermosphere model assessment and showed
ﬁrst example results of comparisons over the full years (2002, 2007, and 2012) and two geomagnetic storms in
2005 with a subset of ﬁve thermosphere models that are listed in Table 1. They reported that the tested models in general performed reasonably well, although seasonal errors were sometimes observed and impulsive
geomagnetic events remain a challenge.
Kalafatoglu Eyigüler et al. (2019) compared the neutral density estimates from two empirical and three
physics‐based models with those obtained from the CHAMP satellite. They reported that using only the average and maximum values of the neutral densities can lead to misleading model evaluations and suggested
that several metrics that provide different aspects of the errors should be considered together for a proper
performance evaluation. They furthermore pointed out that removing the quiet time trend from the neutral
densities can lead to a signiﬁcant change in the storm time model skill scores.
Indicative results on the assessment of present modeling capabilities in predicting the ionospheric climatology for foF2 and hmF2 are provided by Tsagouri et al. (2018). The validation tests were performed for the
entire year 2012 over seven middle latitude stations distributed worldwide, from the American sector to
Europe and Japan, and included a set of four models (IRI, MIT Empirical, TIE‐GCM, and CTIPe). They
found that in general the empirical models tend to provide systematically better correlation with the
observed medians and follow the observed distributions more successfully with smaller prediction errors
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Table 3
Overview of Technical Aspects of Model Validation/Assessment Studies Published by the I/T Working Groups as Part of This Special Issue
Author

Parameters

Bruinsma et al.

Neutral
density

CHAMP
GRACE GOCE

Tsagouri et al.

NmF2/
hmF2

Monthly median values obtained
from a chain of seven midlatitude
stations in Northern Hemisphere

Shim et al.

foF2/TEC

GPS/TEC GIRO foF2

Kalafatoglu
Eyigüler et al.

Neutral
density

Validation data sets

CHAMP

Models

Periods/events

Metric

NRLMSISE‐00
JB2008
DTM2013
TIE‐GCM
CTIPe
TIE‐GCM
CTIPe
IRI‐2016
MIT empirical
model

Entire years of 2002, 2007,
and 2012
14 individual
Storm events from
2001 to 2015
Entire year of 2012

Mean, STD, and RMS of density ratio
in log space
Correlation
Coefﬁcient R

IRI‐2016
IFM
SAMI3
CTIPe
GTIM
TIE‐GCM
UAM
USU‐GAIM
JB2008
NRLMSIS
CTIPe
GITM
TIE‐GCM

Entire month of March
2013

Correlation
Coefﬁcient R
2
Coefﬁcient of determination R
Mean error,
RMSE, STD, and
Mean relative error

RMSE
Correlation
Coefﬁcient
Ratio of peak
Timing error
Six individual storm events
from 2005 to 2007

RMSE
NRMSE
MAE
Prediction efﬁciency
Ratio of peak
Ratio of mean
Timing error

Note. TEC = total electron content; STD = standard deviation; RMS = root‐mean‐square; RMSE = root‐mean‐square error; NRMSE = normalized root‐mean‐
square error; MAE = mean absolute error.

than the physics‐based models. In addition, a strong seasonal and local time dependence of the model
performances was identiﬁed especially for physics‐based models, which could provide useful insight for
future model improvements. Tsagouri et al. cautioned that the quality of the ground truth data may play a
key role in testing the model performance.
Shim et al. (2018) assessed how well the ionospheric models predict storm time foF2 and TEC by considering
quantities, such as TEC and foF2 changes and percentage changes compared to quiet time background, at 12
selected midlatitude locations in the American and European‐African longitude sectors. They found that the
performance of the model varies with locations, even within a localized region like Europe, as well as with
the metrics considered.

7. Future Work
As part of the future activities that need to be addressed by the working groups, it is paramount to select
appropriate metrics that will be used throughout the validation/assessment efforts. For this it is important
to reach out to both the user and scientiﬁc communities and encourage them to participate in this important
effort. Along this line we also plan to reach out and coordinate with other I/T validation efforts undertaken
by other groups. Furthermore, the ground truth data sets need to be collected and quality controlled. Finally,
model runs of the participating models need to be performed for the selected storm and quiet time periods
and scores need to be calculated.

8. Summary
As part of the international effort to evaluate and assess the predictive capabilities of space weather models,
four working groups for the I/T system have been created with the goal to devise a concerted model validation effort for the I/T environment. As a compromise, the working teams have selected the validation of
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critical I/T parameters that are of importance to both the user and scientiﬁc communities. The parameters
include TEC, NmF2/foF2/hmF2, ionospheric scintillations, and thermospheric neutral densities. As part of
these validation efforts, an initial list of participating models and events have been constructed and validation data sets have been identiﬁed. In the future appropriate metrics will be selected for the various user and
scientiﬁc needs.
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